ABSTRACT This paper presents a calculation method of short-circuit current (SCC) for doubly fed induction generator (DFIG)-based wind farm considering the voltage distribution characteristics. When a short-circuit fault occurs in a wind farm, a large SCC will be contributed by the dozens or even hundreds of DFIGs in the wind farm. And the security and stability of the wind farm will be affected by the SCC. The SCC characteristics of the DFIG are closely related to its post-fault terminal voltage (PFTV). Therefore, a practical calculation model of SCC in single DFIG is proposed in this paper, based on the electromagnetic transient analysis. And according to a correction method of the topological matrix for a post-fault wind farm proposed in this paper, the relationship model between voltages and currents under short-circuit faults is established. Then, the PFTVs and SCCs of the DFIGs in the wind farm can be obtained by solving the model equation. Finally, the proposed method is validated through MATLAB/Simulink-based simulation results, and a comparison with the national standard calculation method is analyzed. The results show that this method has better accuracy, which provides a more accurate basis for the electrical safety design of wind farms.
I. INTRODUCTION
Wind power generation, as the first choice of renewable energy development, has entered a stage of large-scale application in the world [1] , [2] . With the increase of capacity of wind power generation connected to the grid, a threat to the safe and stable operation of the grid has been gaining special attention [3] , [4] . And due to the characteristics of large number of wind turbines and their wide location distributions in the wind farm [5] - [7] , when a short-circuit fault occurs in the wind farm, the short-circuit currents (SCCs) contributed by each unit is not the same and difficult to calculated. Meanwhile, it brings troubles to the research of safety protection in
The associate editor coordinating the review of this manuscript and approving it for publication was Xiaorong Xie.
wind farm, such as relay protection configuration and parameter tuning, and so on. Therefore, it is of great significance to study a SCC calculation method of wind farm for its electric safety design.
At present, doubly-fed induction generator (DFIG) has been widely used in wind farm because of its relatively lower cost and better performance [8] . For the SCC of the DFIG, the transient model of single generator under short-circuit fault and the SCC calculation method of single DFIG have been reported [9] - [11] . Some previous studies have shown that the drop of post-fault terminal voltage (PFTV) is an important factor affecting the SCC of the unit [12] , [13] , while few studies on wind farm with considering the effect of PFTV. [14] - [16] presents the methods for calculating SCC of DFIG-based wind farm, which is equivalent as a single machine to connect to the grid. In [17] , the effect of the PFTV drop factor on SCC of DFIG is studied, and a SCC calculation method using the factor is reported. Based on the analysis of the influencing factors on the current's amplitude and phase, an AC fault current expression is deduced in [18] . And compared with the IEC60909 standard, an improved practical SCC calculation method is studied in [19] . In [20] , a unified interphase power controller model is developed and a control scheme is proposed to control power flow and limit the shortcircuit contribution of wind farm. Considering the purpose of meeting the requirement that wind farm providing reactive power to the system, a SCC calculation model and formula of the DFIG with a LVRT strategy with continuous excitation is established and proposed in [21] . The interrelationship between wind farms with the short-circuit faults is studied in [22] . The reported studies have made many contributions to the research of SCC characteristics of wind farms. However, the research, forced on the SCC characteristics of each unit in a wind farm when a shot-circuit fault occurs in the wind farm, is still necessary to study. Moreover, considering that the acquisition of parameters needed for estimating the SCC is usually difficult for engineering calculation, a contribution in [23] is referred in this paper.
Based on the EMT analysis of single DFIG, the relationship between the SCC and the PFTV is given, and a practical calculation model for SCC of DFIG is proposed. Meanwhile, the changes of topological matrix of the wind farm under a symmetrical fault are studied, and a correction method of topological matrix of wind farm is proposed. Then to calculate the PFTVs, according to the modified nodal admittance matrix of wind farm, an improved relationship model between voltages and currents under a short-circuit fault is established, then the distribution of the PFTVs and SCCs of the units can be obtained. Finally, the accuracy of the proposed method is verified by the comparison with the simulation results from MALAB/Simulink, which is the commercial math software produced by the MathWorks company in Natick, Massachusetts, the United States. In addition, a comparison between the proposed method and the national standard calculation method in China [24] is analyzed in this paper. The presented SCC calculation method is mainly used for wind farm design, and to provide the more reliable information for selecting appropriate electrical equipment. Therefore, the practicality and accuracy of the calculation method are the main goals.
II. A PRACTICAL CALCULATION MODEL OF SCC FOR DFIG
A. ELECTROMAGNETIC TRANSIENT MODEL OF DFIG Fig.1 shows a simple doubly-fed wind turbines system.
The transient process studied in this paper is the instant of symmetrical three-phase short circuit fault in the wind farm. It is considered that the whole DFIG system is in the stage that the control system has not started, or started but has not reached the steady state. At this time, the wind speed and the speed of the generator are assumed to the same as the pre-fault [25] . DFIG-related stator and rotor electrical measurements are expressed in accordance with international practice, and the magnetic saturation is ignored. The EMT equations [26] of DFIG in a synchronously rotating reference frame are given by
where u, i, R, L, ψ are the voltage and current, resistance, inductance, and flux, respectively; and the subscripts s and r represent the stator winding and rotor winding, respectively. 
where L s and L r represent the transient inductance of stator winding and rotor winding, respectively.
. k s and k r denote the inductance coupling coefficient of stator and rotor, respectively.
Assume the short circuit occurs at t = t 0 , and the crowbar resistance is connected at t = t 
B. A PRACTICAL CALCULATION MODEL OF SCC FOR DFIG
According to the magnetic flux linkage conservation law and the EMT equation, the expression of the A-phase SCC of VOLUME 7, 2019
DFIG in fixed reference frame can be estimated by (7).
where, i saf is the instantaneous value of A-phase stator SCC, U safm is the steady state amplitude of A-phase stator postfault voltage, U sam and I sam are the A-phase stator voltage amplitude and A-phase stator current amplitude during normal operation, respectively. R cb is the crowbar resistance, τ s is the stator magnetic flux transient time constant,
According to the description of the maximum short circuit current in [27] , when t 0 = 0, α = 0 and t = T/2, the maximum of Equation (7) (i.e., the instantaneous maximum of A-phase SCC) is expressed as
Usually, it is assumed that the terminal voltage of DFIG drops to a steady state immediately after the fault, but in the actual process, before reaching the steady state, there was a transient decay process. According to the time-domain analysis theory in dynamic circuit [28] , the decay time is generally considered to be 3τ s ∼5τ s , in engineering. In other words, after the decay time, the PFTV U safm U sam , and the U safm e −(t−t0)/τ s /jω s L s in Equation (7) is approximately equal to 0. Therefore, an equivalent model for DFIG under a shortcircuit fault is obtained
where, Z saf and i safs are the effective values of transient equivalent reactance and transient equivalent current source of DFIG, respectively. Due to several unknown parameters (e.g., ω s , L s , R cb , I sa and U sa ), Equations (8) and (9) cannot be applied to the practical calculation directly. Therefore, based on the locked rotor test principle and the DC test principle [29] , the unknown parameters in Equation (12), shown at the top of this page, are expressed by the ready-to-use parameters provided by generator manufacturers [23] .
where, U rM and I rM are the rated voltage and current of the DFIG, respectively; I LR is the locked-rotor current; P LR is the locked-rotor power of the DFIG. Incorporating Equation (10) into Equations (8) and (9), the new practical equivalent model expressions of SCC are shown in (11) and (12) at the top of this page.
The power frequency component of the post-fault SCC is only considered in this paper, which is the effective value of periodic component of SCC. And its expression is as follows:
And according to the analysis on Equation (12), the SCC equivalent model for DFIG could be divided into two parts: the one is current source, and the other is reactance. In this way, the PFTV only affects the part of reactance, not the current source. The equivalent circuit of the model is shown in Fig.3 . 
III. ANALYSIS OF TERMINAL VOLTAGE DISTRIBUTION AND CALCULATION OF SCC FOR DFIG-BASED WIND FARM
A practical calculation model of DFIG for its SCC is presented in Section II, and based on the analysis of Equations (11) and (13) , all parameters are the ready-to-use parameters provided by generator manufacturers, except the PFTV, U saf . In most previous studies, the PFTVs are considered drop to 0 or a particular value [12] , or the PFTVs are obtained by simulation and experiments. However, these methods cannot be applied directly in engineering because of their complexity. This paper tries to obtain the PFTVs directly by mathematical method, so that it can be well applied to engineering. It is also one of the advantages of this calculation method. Therefore, according to the topology of wind farm and the theory of node voltage, a method to analyze the terminal voltage distribution of wind farm is presented in this paper. Moreover, an establishment method of topological matrix about the wind farm in normal operation and a modified method of topological matrix about the post-fault wind farm are presented, respectively. These two methods of building topological matrix have universality, and they are also applicable to the case of multi-node short circuit in wind farm.
A. AN ESTABLISHMENT METHOD OF TOPOLOGICAL MATRIX OF WIND FARM IN NORMAL OPERATION
The topology matrix of wind farms generally meets the following two requirements [30] :
1. It can reflect the connection of the equipments in wind farms.
2. It can reflect the types and parameters of each branch of wind farms.
The influence of magnetic saturation and other non-linear factors on short-circuit current are small. Therefore, the fault characteristics of SCC are recognized as linear in this paper, so that the basis of applying Graph theory to produce the adjacency matrix is established. And according to Graph theory [31] , the adjacency matrix is used to the topology matrix of wind farm in this paper. Assume there are n nodes in wind farm, the adjacency matrix, V, is the n × n order matrix. And in the adjacency matrix, the two-port equipments are regarded as the branch, which two endpoints correspond to the two nodes of the branch. Multi-port equipments are equivalent to multiple branches and nodes according to their corresponding equivalence principle. Then, considering the different types of equipments, three types of the adjacency matrix are presented in this paper: admittance type (AT), voltage source type (VST), current source type (CST).
In the adjacency matrix, if there is a branch connection between two nodes, the element of the corresponding position in the corresponding type of adjacency matrix is the parameter of the equipment. If there is no branch connection between two nodes, the element of the corresponding position in the adjacency matrix is set as 0. Then we can find that the AT adjacency matrix is symmetric matrix, while the VST and CST adjacency matrix are anti-symmetric matrices. Taking Fig.4 as an example, the establishment method of adjacency matrix is described in this section. As shown in Fig.4 , the nodes in the topology graph need to be numbered before the establishment the corresponding adjacency matrix.
According to the establishment method of adjacency matrix proposed in this paper, the three kinds of matrix corresponding to 
B. A CORRECTION METHOD OF TOPOLOGICAL MATRIX OF POST-FAULT WIND FARM
Assume a metallic symmetrical short-circuit fault occurs in the internal node of wind farm. Then in the corresponding topological diagram, the faulty node is connected with the reference node which is transformed into a node, and the branches connected with the fault points are connected with the reference node after the fault. For this purpose, the modified matrices N and M are established. The matrix N transforms the branch connected with the fault point into a branch connected with the reference point. The matrix M transforms the fault node and the reference node into one node. Assuming that the wind farm has n nodes, the fault node number is s and the reference node number is g, then the matrix N is an n-order unit matrix and the element at (g, s) is set as 1, the matrix M is an n-order unit matrix without the s th row. As shown in Fig.4 , the node 3 is set as the fault point and the node 1 is set as the reference point. Then the post-fault topology is as shown in Fig.5 . 
where, V is the adjacency matrix of the post-fault wind farm, V is the adjacency matrix of wind farm in normal operation, and N T and M T are the transpose matrix of matrix N and M , respectively.
Taking 
The branch admittance matrix G reflects the admittance values of each branch. In the wind farm with b branches, matrix G is an (b × b)-order diagonal matrix. And the element g ii in matrix G is defined as:
where y i is the admittance value of the i th branch. Therefore, the nodal admittance matrix of the wind farm can be established as Equation (17) [32] .
where Y is the nodal admittance matrix and A T represents the transpose matrix of matrix A.
The injected current source vector I can be obtained by traversing the VST and CST adjacency matrices. Then according to the node voltage theory of the wind farm, the node voltage estimated model of the wind farm is established
Thus, the PFTV of the wind farm can be obtained by solving the Equation (18) . Then according to Equation (13), the SCC (I i ) of the single DFIG can be estimated, and the expression of total SCC at the fault point is as Equation (19) shown
IV. SIMULATION AND RESULT ANALYSIS
A simple network as Fig.6 shown is built in MATLAB/ Simulink to verify the proposed SCC calculation method for the DFIG-based wind farm. In the network, there are two chain-connected clusters which are selected from a practical wind farm, and the total length of transmission line in Cluster 2 is longer than that in Cluster 1. In order to simulate fault currents under a symmetrical fault, the wind speed is set as 13 m/s, the grid equivalent impedance is 1.0p.u., and the symmetrical metal short-circuit fault occurs at point 1, 2, 3, and 4, respectively. Four fault points are set to better explain the impact of terminal voltage on short-circuit current, and they are located at the PCC, the end of two clusters of chain branches, and the middle of the Cluster 2, respectively. The fault occurs at 2.09411s. The parameters of DFIG and cables are given in Table 1 and  Table 2 , respectively. The positions of the 4 fault points (FPs) are as shown in Fig.6 . And the calculation methods presented in this paper are verified by comparing the results of PFTVs and SCCs. Due to the large number of PFTV data and the limitation of length, only detailed comparison of PFTV data in case of FP2 is given, which are as shown in Table 3 .
From the results in Table 3 , the PFTVs estimated by the proposed method are similar to those from the simulation method in MATLAB/Simulink, and the absolute value of maximum error is only 0.0099kV. Thus the accuracy of the proposed PFTV calculation method is verified. Moreover, the reasons of error are also analyzed. Firstly, in the practical calculation model of DFIG, there is an approximation between the theoretical parameters and the practical ready-touse parameters. Secondly, because the impedances between DFIGs and the fault point are different, the transient time constants of SCCs are not the same, and they are difficult to calculate accurately. The transient time constants in this paper are obtained by approximate calculation. Thirdly, there are some other controls and protections in the simulation which are not considered in the proposed method.
Meanwhile, in the same case of a symmetrical short-circuit fault, the PFTV error analysis diagrams of each node under the four kinds of faults are given to further verify the accuracy of the proposed practical method, which are as shown in Fig.7 .
Moreover, the SCCs are calculated by using the national standard based method (NSM) in [24] , the proposed practical method and the PSCAD-based simulation, respectively. The results are given in Fig.8 and Table 4 . Fig.8 shows the error curves of SCC with the proposed method and NSM under the 4 kinds of faults, and the error is obtained by compared with the simulation.
where, Error% = (I − I Simulaiton )/I Simulaiton , Cal means the calculation method presented in this paper and NSM means the national standard method.
From Fig.8 , it can be seen that the maximum relative error of the proposed method is 6.21%, which occurs at 10# unit when the short circuit fault occurs at point 1. However, the maximum relative error of the NSM is −25.22%, which occurs at 5# unit when the short circuit fault occurs VOLUME 7, 2019 FIGURE 8. The error curves of SCC under the proposed method and NSM compared to simulation.
at point 3. Therefore, the conclusion is obtained that the accuracy of SCC provided by the proposed method is higher than the NSM.
According to the analysis of the total SCC data of the fault points in Table 3 , it can be seen that the relative errors of the proposed method in this paper are less than those of the national standard method. And with comparing the calculation results of the total SCC of the fault points 2, 3, and 4, it can be seen that the closer the fault points are to the end of the cluster and the longer the cluster is, the more accurate the proposed SCC calculation method is. Meanwhile, the proposed practical method resulted in values are larger than those obtained in the simulation results, which not only ensures the safety margin, but also provides a more economical and reliable design basis for the electrical safety design of wind farms. Moreover, the presented method is also given a useful reference to smart city, vehicle networking, new energy vehicles, etc [33] .
V. CONCLUSIONS
With the increasing scale of wind farm, when the internal short-circuit fault occurs in the wind farm, the harm caused by it becomes more serious. Therefore, a calculation method of SCC for DFIG-based wind farm considering the voltage distribution characteristics is proposed in this paper. Firstly, based on the DFIG electromagnetic transient process, an equivalent practical model of DFIG for SCC calculation is presented in this paper, which is a parallel model of a impedance and a current source. Secondly, in order to solve the problem of post-fault voltage distribution of wind farm, an establishment method of topological matrix about the wind farm in normal operation and a modified method of topological matrix about the post-fault wind farm are presented, respectively. Thirdly, a method for calculating SCC of the DFIG-based wind farm considering voltage distribution characteristics is obtained. Finally, a validation study is performed using a simple network with a detailed MATLAB/Simulink-based simulation model for the DFIGs. The simulation results confirm the accuracy and practicability of the presented method. Moreover, compared with the current national standards, the proposed method has higher calculation accuracy and practicability. And this method is also of great significance to the electrical safety design of wind farms. 
